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Abstract 


In recent decades, several studies have considered the use of plastic waste as a partial sub- 
stitute for aggregate in green concrete. Such concrete has been limited to non-structural 
applications due to its low strength. This raises whether such concrete can be enhanced for 
use in some structural applications. This paper reports an attempt to develop a structural- 
grade concrete containing plastic waste aggregate with high proportions of substitution and 
confined with carbon fiber reinforced polymer (CFRP) fabrics. Experimental research was 
conducted involving the casting and testing 54 plain and confined concrete cylinders. A con- 
crete mixture was designed in which the fine aggregate was partially replaced by polyethyl- 
ene terephthalate (PET) waste plastic at ratios of 0%, 25%, and 50%, and with different w/c 
ratios of 0.40, 0.45, and 0.55. The results show that confinement has a substantial positive 
effect on the compressive behavior of PET concrete. The enhancement efficiency increases 
by 8-190%, with higher enhancement levels for higher substitution ratios. Adding one layer 
of CFRP fabric raises the ultimate strength of samples that have lost compressive strength 
to a level close to that of unconfined samples not containing PET. This confinement is 
accompanied by an increase in the slope of the stress-strain curve and greater axial and lat- 
eral strain values at failure. For the specimens confined by CFRP fabric, PET aggregate can 
be used as a partial substitute for sand at a replacement ratio of up to 50% by volume for 
structural applications. This paper also considers the ability of existing models to predict the 
strength of confined-PET concrete circular cross-sections by comparing model predictions 
with experimental results. The strength of confined PET concrete elements can’t be accu- 
rately predicted by any of the models that are already out there. It’s important to come up 
with a new model for these elements. 
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Abbreviations: f’,,, unwrapped maximum or peak 
concrete compressive strength; fcc, wrapped 
maximum or peak concrete compressive strength; 
f, FRP lateral confining pressure; fie, fer, effective 
lateral confining pressure; f, a, actual confining 
pressure; f’, max, Maximum effective transverse 
confinement stress; tip, FRP wrapping thickness; 
d, inside core diameter of confined concrete 
section; n, number of FRP layers or plies; Erp, 
modulus of elasticity of FRP wrapping; Ene, effective 
strain of FRP at rupture; k4, confinement 
effectiveness coefficient. 


1. Introduction 


Concrete is one of the world’s most popular and widely-used construction materials [1-3]. 
Every year, around 12 billion tons of concrete are produced worldwide. The ongoing boom in 
the construction sector has resulted in increased demand for building materials like cement 
and aggregate. However, aggregate is a non-renewable resource. Continuous quarrying has 
negative environmental consequences and ultimately depletes aggregate availability. Therefore, 
measures to reduce the demand for the aggregate need to be developed. On the other hand, 
PET waste is a form of plastic waste that is growing in lockstep with human waste. PET is one 
of the major types of plastic and a member of the thermoplastic polyester family [4-7]. The 
main issue with plastic waste is that it can contain organic and inorganic components, such as 
food waste; this complicates recycling, and much of this material ends up in landfills. As a 
result, there is likely to be a lack of landfill sites in the future and increased environmental 
impact because most wastes are non-biodegradable and stay in the environment for tens of 
thousands, if not hundreds of years [8-11]. Therefore, valorization of waste plastic as fibers 
[12, 13] or concrete aggregates [6, 14] has become an opportunity. For example, [15] studied 
developed the concept of a new preplaced aggregate fiber reinforced concrete (PAFRC) rein- 
forced with waste polypropylene (PP) carpet fibers and investigated its strength properties. 
Palm oil fuel ash (POFA) was used as a partial cement replacement. Six PAFRC mixes with 
fibers varying from 0 to 1.25% with a length of 30 mm were made by the gravity method. The 
study revealed that the carpet fibers have the potential to be used in PAFRC by developing 
their strength properties. 

The principle of adding a substance to another has been used since ancient times to 
enhance the properties of composite materials. For example, horsehair and straw were added 
to clay to enhance brick characteristics [16, 17]. Furthermore, concrete has been used with 
weaker materials to achieve composites with the necessary mechanical properties [18-20]. 
This includes the potential for turning plastic waste into construction materials by recycling it 
into green concrete [21, 22]. As a result, the recycling rate will improve, and demand for natu- 
ral raw material production will decrease. In this way, the environmental pressure on the con- 
crete sector could be reduced, eliminating the need for natural capital and contributing to 
sustainable production [23, 24]. For this purpose, in recent decades, several studies have con- 
sidered waste plastic as a substitute aggregate in green concrete (also known as eco-friendly 
concrete) [25-28]. This approach has been affirmed by many studies which have argued that 
such recycling is essential for the ecosystem and economic gain [18-20, 29]. 

The use of PET as a potential alternative to aggregate in concrete will not lead to the con- 
crete being polluted, but some characteristics of the concrete may be affected [22, 30]. In most 
instances, plastic wastes are used as coarse or fine aggregates in concrete. In previous investiga- 
tions, specific techniques were used, such as chipping machines or hand cutting, to transform 
the material into a form suitable for addition to concrete mixes. Generally, different plastic 
additives have different effects on concrete properties [31, 32]. Therefore, many studies have 
been carried out over the last three decades to study the effect of plastic waste on concrete [33- 
48]. However, there are still some negative issues that previous studies have not addressed or 
solved, such as the decrease in overall mechanical properties when replacing natural aggregates 
with plastic waste. Most importantly, past studies have indicated that concrete utilizing plastic 
waste as aggregate is likely to be only applicable to non-structural applications due to its low 
strength. 

In contrast, throughout the last four decades, research has been conducted on the impact of 
FRP wrapping on the strength and ductility of wrapped concrete under various types of wrap- 
ping and loading conditions, with the corresponding development of experimental and 
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design-oriented models [49-93]. Most investigations have been carried out on cylindrical 
specimens wrapped in various types of FRP composites, which have no steel reinforcement. 
Such studies have shown that circular cross-sections have the most effective confinement, 
whereas square and rectangular sections have the least effective confinement. More confine- 
ment can be achieved by wrapping additional layers around the square or rectangular sections 
when increasing the rounding of corners is difficult. However, a thorough review of the litera- 
ture found that no study has been done yet to see how well CFRP wrapping concrete made 
from PET waste works. 

Generally, concrete containing PET can be used for non-structural purposes that do not 
require high compressive strength. However, there seems to have been no attempt to trans- 
form PET concrete into concrete capable of being used in structural applications. One way this 
might be achieved is by wrapping PET concrete with CFRP, and the purpose of this paper is to 
describe an investigation into this matter. The PET concrete considered in this paper is of a 
type where PET material has been added to replace a proportion of the aggregate. This work 
reported in this paper includes an experimental program and an evaluation of whether the 
design-orientated models reported in the literature for normal and high-strength of concrete 
are also applicable to confined PET concrete. 


2. Significance of the study 


The use of renewable materials has recently been observed in many sectors for economic and 
environmental reasons, in which the utilization of recycled plastic is a significant step toward 
sustainability. On the other hand, as is well known, FRP reinforcement is used to advance the 
mechanical properties of the concrete member and structural performance, but little is known 
about the effect of confining concrete that contains plastic waste. Therefore, the uniqueness of 
this study is that the behavior of concrete containing PET plastic waste confined by CFRP fab- 
rics has not been investigated yet. This study will attempt to bridge this gap. 


3. Experimental program 
3.1. Materials 


In this test program, ordinary Portland cement (OPC) Type I, with the brand name Tasluja, 
was used. The chemical properties and physical properties of the OPC are presented in Tables 
1 and 2, respectively. Natural sand from the Khabour quarry in Duhok city was used in the 
concrete mixes. The grading test and physical properties of fine aggregate are presented in 
Table 3. Furthermore, crushed natural aggregate from the Sejie zone in Duhok city was used to 
prepare mixes, with the nominal maximum size passing through a 19 mm sieve. The gravel 
was cleaned and washed with water several times and allowed to dry in the air. Generally, 
water suitable for drinking is also suitable for use in concrete. In all concrete mixes and for 
curing of specimens, potable tap water at laboratory temperature without salt or chemicals was 
used. To improve workability, a high-range water-reducing admixture (superplasticizer) 
known as Sika) ViscoCrete(R)-1316 Hi-Tech was added to the mixes. The manufacturer rec- 
ommends that the dosage should be in the range of 500-1500 gm for 100 kg of cement. In 
addition, this type of admixture is compatible with ASTM C494 (types D and G) [94]. Table 4 
shows the key properties of this superplasticizer. 

Furthermore, in this investigation, PET particles were prepared by grinding PET waste bot- 
tles (type BC210) [95]. These PET bottles were supplied by the Light Plastic Factory [96]. The 
PET waste particles were produced in the following steps: 


1. Remove the bottle caps. 
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Table 1. The chemical characteristics of ordinary Portland cement”. 


Chemical Requirements Test Result Limitation (IOS.) (No. 5/1984) [100] 
SO; % 2.24 2.5 if CA < 3.5 
2.8 if C3A > 3.5 
SiO2 % 19.11 - 
ALO; % 6.42 - 
MgO % 3.82 <5.0 
Fe203 % 3.73 - 
CaO % 66.26 - 
CS % 19.91 - 
GS % 50.40 7 
CA % 7.67 2 
C,AE % 10.03 Š 
Insoluble residue % 0.96 Not more than 1.5% 
Loss on ignition % 2.2 Not more than 4% 
Lime saturation factor % 0.91 0.66-1.02 
Chloride Quantity % 0.01 - 


* This test was carried out by the quality control department at Tasluja cement factory. 


https://doi.org/10.1371/journal.pone.0269664.t001 


2. Shred and grind the bottles to a size similar to sand using a plastic granulator machine (SG- 
600F Model SML). This machine is used for plastic manufacturing by the Light Plastic 
Factory. 


3. Sort the particles using sieves, and retain particles that pass through a 4.75 mm sieve. See 
Fig 1. 


After the PET aggregate was prepared, it was evaluated in grading by sieve analysis, as illus- 
trated in Table 5. The physical and mechanical characteristics of the PET material are shown 
in Table 6 as provided by the Light Plastic Factory [96]. Due to the plastic texture and the plas- 
tic particle types, which are often flaky, angular, and irregular particles, the sieve analysis of 
PET aggregate does not conform to that of natural sand grading, as the fine natural aggregate 
is typically composed of spherical and granular particles. 

Used in this test program were unidirectional CFRP sheets (SikaWrap-300C) [97] with 
fibers directed along the longitudinal axis. The CFRP sheet characteristics depend on the speci- 
fications offered by the supplier, Sika Company, and are shown in Table 7. Epoxy resins are 
generally utilized to bond CFRP to concrete. The adhesive material Sikadur-330 [98] was used 
in this test program. Five CFRP coupons with an average dimension of 15 mm x 250 mm and 


Table 2. The mechanical and physical characteristics of ordinary Portland cement*. 


Physical & Mechanical Requirements Test Result Limitation (IOS.) (No. 5/1984) [100] 
Initial setting time (minute) 190 > 45 min 
Final setting time (minute) 240 < 600 min 
Fineness (Blaine)(cm7/g) 3470 > 2300 
Compressive strength (3 d) (MPa) 25 > 15 MPa 
Compressive strength (7 d) (MPa) 35 > 23 MPa 


* This test was carried out by the quality control department at Tasluja cement factory. 


https://doi.org/10.1371/journal.pone.0269664 .t002 
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Table 3. Grading test and physical properties of fine aggregate. 


Type of test Grading test Results (Zone 2) Limitations (IQS.) (No.45/1984) [101] 
Sieve size (mm) % Passing Zone 1 Zone 2 Zone 3 Zone 4 
10 100 100 100 100 100 
4.75 100 100-90 100-90 100-85 100-95 
2.36 80 95-60 100-75 100-85 100-95 
1.18 65 70-30 90-55 100-75 100-90 
0.6 50 34-15 59-35 79-60 100-80 
0.3 19 20-5 30-8 40-12 50-15 
0.15 5 10-0 10-0 10-0 15-0 
Physical properties 
Fineness Modulus (FM.) 2.81 - 
Specific gravity (SSD) 2.7 - 
Absorption % 1.14 - 
Bulk Density (kg/m? ) 1634 - 


https://doi.org/10.1371/journal.pone.0269664.t003 


a standard tensile testing machine with a head displacement rate of 2mm/min were prepared 
and tested as per the ASTM D3039/D3039M standard [99]. The test data on CFRP coupons 
are presented in Table 7. The epoxy resin adhesive system consists of the main resin portion 
(Part A, white color) and the hardener (Part B, grey color), blended at a particular volume 
ratio of 4A:1B for about 10 minutes until the color becomes grey. It is then applied to the con- 
crete surface using a paintbrush. A table called "Table 8" shows the material properties of an 
epoxy adhesive made by the company called "Sika." 


3.2. Preparation and details of samples 


In this experimental study, nine concrete mixes were produced containing different volumet- 
ric replacements of fine natural aggregate (0%, 25%, and 50%) by PET plastic waste with three 
different grades: M20, M30, and M40. The mix design was made following the American 
method ACI 211.1-91-R-02 [104]. A total of 54 cylinders with dimensions of 150 x 300 mm 
were prepared and tested (3 replacement ratios x 3 W/C ratios x wrapped/unwrapped x 3 
repeats = 54). Three test specimens (i.e., three repeats) were considered for each case to ensure 
the reliability of the test results. These cylinders were divided into nine mixes (3 replacement 
ratios x 3 W/C ratios), with six cylinders in each mix. 

To monitor and standardize the mixing process for all experiments, the mixing for all con- 
cretes was carried out in an electric rotary tilting drum mixer of 0.1 m° capacity by the proce- 
dure specified in ASTM C192/C192M [105]. A constant amount of 0.035 m? of materials was 
arranged for each mixture. Shovels and scoops were used to deposit the mixed concrete into 
the moulds. The same methodology was used for the preparation of all mixtures. After the 
mixing process was finished, the mixed concrete was poured into the iron moulds. The moulds 
were cleaned before casting, rigidly tightened, and lightly oiled to avoid adhesion to the 


Table 4. Specifications of superplasticizer. 


Properties Description 

Appearance Brownish liquid 

Specific gravity 1.123 + 0.01 kg/l 

Chloride content Max. 0.1% Chloride-free 

Chemical base Modified polycarboxylate-based polymer 


https://doi.org/10.1371/journal.pone.0269664 1004 
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Fig 1. Sieving of aggregates: (a) coarse; (b) fine; and (c) PET. 


https://doi.org/10.1371/journal.pone.0269664.g001 


concrete. After mixing, the moulds were filled and the concrete compacted by a Mallet ham- 
mer according to ASTM C192 [105]. 

Good quality concrete must be cured. For this reason, 24 hours after concrete casting, all 
specimens were put in a curing basin at around 25°C. The curing status of the laboratory basin 
was adopted from ASTM C192 [105]. Fig 2 shows the preparation and curing process of the 
cylinders. Capping the concrete cylinders is significant to confirm that the load is uniformly 
distributed on the cylinder’s surface during compression testing. For this purpose, before test- 
ing, all the concrete cylinders were capped with a 3 mm thick layer of sulfur capping com- 
pound. Capping the cylinders followed the procedures prescribed by ASTM C617 [106]. 
Moreover, tests were performed at the age of 90 days. 


3.3. CFRP fabric confinement 


Prior to wrapping, the 150 mm x 300 mm cylinders were dried and cleaned, and the concrete 
strength was 90 days age. At the beginning of the wrapping process, a thin layer of dust cover- 
ing the specimens was removed with an air compressor. CFRP sheets were then cut into strips 
of the desired lengths and widths using scissors. Next, the epoxy coating was prepared by mix- 
ing the epoxy resin (parts A and B) in a proportion of 4A:1B. After the cylinders were placed 
upright, they were completely coated with epoxy using a paintbrush. The next stage was to 
wrap the CFRP sheets carefully around the cylindrical specimens, as shown in Fig 3. The fibers 
were aligned only in the hoop direction. A 120 to 125 mm overlap was provided to prevent 


Table 5. Sieve analysis of PET and fine aggregate. 


Sieve size (mm) % passed of fine aggregate % passed of waste PET particles 

10 100 100 

4.75 100 100 

2.36 80 35 

1.18 65 5 

0.6 50 1 

0.3 19 0 

0.15 5 0 


https://doi.org/10.1371/journal.pone.0269664.t005 


PLOS ONE | https://doi.org/10.1371/journal.pone.0269664 July 13, 2022 6/27 


PLOS ONE Effectiveness of CFRP Strengthening of PET-Concrete 


Table 6. Physical and mechanical characteristics of used PET*. 


Property Results 
Particle shape Flaky or flat particles 
Water absorption (24 h) - 
Specific gravity 1.39 
Bulk density 850 + 10 kg/m? 
Thickness 0.35 mm 
Colour Crystalline white 
Tensile strength 79.3 MPa 
Approx. melting temperature 230-250°C 
Tensile modulus 4.0 GPa 


* Provided to us by the Light Plastic Factory [24]. 


https://doi.org/10.1371/journal.pone.0269664 1006 


slippage between the CFRP layers. The location of the overlap for all specimens is shown in Fig 
3. In addition, the upper and lower ends of the confined cylinders were further strengthened 
with 50 mm wide strips to prevent premature failure at the ends. Then, after 24 hrs., high- 
strength sulfur capping was applied to the top end of each specimen. Finally, the confined con- 
crete specimens were rested in the laboratory for seven days. 


3.4. Loading procedure 


Fiber roving and uneven hardened epoxy needed to be smoothed to fix strain gauges on the cylin- 
ders. Sandpaper was used to smooth the fiber surface, which was then cleaned with isopropyl 
alcohol. Strain gauges were then installed at evenly spaced locations at the mid-height of all speci- 
mens. Two strain gauges (model PL-60-11-3LJC-F) were mounted for plain concrete, one hori- 
zontally and one vertically, in a T-shape. For the confined cylinders, four strain gauges (model 
BF350-3AA) were mounted, two horizontally and two vertically, to also form a T-shape. As 
shown in Fig 4, the load cell and strain gauges were connected to a data logger for data collection 
during compression. Compressive strength experiments were conducted on the concrete cylinder 
specimens following ASTM C39 [107]. The tests were performed using a universal test machine 
(Walter + Bai AG/ Switzerland) with a capacity of 3000 kN and a loading rate of 0.33 MPa/sec. 


4. Results and discussions 


The key test results at 90 days of curing of all 54 confined and unconfined specimens (cylinders 
with dimensions Ø 150 x 300 mm) are given in Table 9. The compressive strengths shown in 


Table 7. Properties of CFRP sheet. 


Characteristics Manufacturer data Test Data 
Ultimate tensile strength (MPa) 4000 3553 
Ultimate tensile elongation (%) 1.7 1.4 
Modulus of carbon fiber (GPa) 230 239 
Thickness(mm) 0.167 

Fiber density (g/cm°) 1.82 

Areal weight (g/m?) 304 + 10 

Fiber orientation (°) 0 

Fabric width (mm) 500 


* According to the product data sheet (SikaWrap - 300C) [102]. 


https://doi.org/10.1371/journal.pone.0269664 .t007 
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Table 8. Material characteristics of epoxy adhesive. 


Characteristics Manufacturer data 

Modulus of elasticity (MPa ( 4500 

Elongation limit (%) 0.9 

Tensile strength (MPa ( 30 

Mixing ratio (by weight) Part (A) % 4: Part (B) 41 

Colour (when mixed) Light grey 

Density (kg/l) 1.30 + 0.1 (A + B mixed) (at + 23°C ( 


* According to the product data sheet (Sika ViscoCrete Hi-Tech 1316) [103]. 


https://doi.org/10.1371/journal.pone.0269664 1008 


the table represent an average of three specimens per mixture, while the axial and lateral strains 
represent the means of two specimens per mixture. 


4.1. Effect of PET on strength reduction 


The results shown in Table 9 demonstrate the impact of replacing a natural aggregate with a 
plastic aggregate. Generally, as the substitution percentage of PET particles increases, the com- 
pressive strength decreases. For example, compared to the reference mix, at 25% replacement 
(90 days), the reduction in strength is 43.46% (w/c of 0.40), 40.96% (w/c of 0.45) and 25.2% 
(w/c of 0.55). At 50% replacement, the rate of reduction is 76.12% (w/c of 0.40), 76.82% (w/c 
of 0.45), and 74.41% (w/c of 0.55). This strength reduction can be explained as the result of 
three factors: (a) the smooth surface and flat shape of the plastic particles; (b) the low adhesive 
strength between the cement paste and the plastic particles; and (c) the barrier formed by the 
plastic particles, which prevents cement paste from adhering to the natural aggregate. There- 
fore, for concrete containing PET aggregates, the interfacial transition zone (ITZ) is weaker 
than for control concrete, and this decreases the resultant compressive strength. Furthermore, 


Po oa SE Tae _ bee 


Fig 2. Preparation of specimens: (a) Mixing, (b) Casting and covering, and (c) Curing. 


https://doi.org/10.1371/journal.pone.0269664.g002 
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water is not absorbed by the PET, which does not participate in the water-cement reaction, 
causing poorer bonding and the creation of microscopic channels that can become pores after 
drying. Several authors have verified these observations [48, 108, 109]. 

Furthermore, an increase in the w/c ratio corresponds to a decrease in compressive 
strength, similar to conventional concrete mixtures. It is worth noting that at larger w/c ratios, 
the aggregate’s coated surface is smaller, and as a result of the lower paste volume, the bleeding 
water content is higher. The excess water, which is primarily found around PET particles that 
do not participate in the water-cement reaction, causes a weaker bond between the cement 
paste and the PET particles and the formation of small channels that can form pores after dry- 
ing, resulting in a reduction in strength. 


4.2. Effect of CFRP wrapping on strength enhancement 


The experimental results in Table 9 demonstrate the effect of wrapping concrete comprising 
plastic particles on the compressive strength performance of concrete after 90 days. Irrespec- 
tive of the substitution ratio of PET and the w/c ratios, one layer of CFRP fabrics with full 
wrapping causes a substantial improvement of the ultimate compressive strength of PET-con- 
crete cylinders compared to that of unwrapped cylinders. This strength increase can be 
described by the fact that confinement has served its purpose with PET concrete. 

Table 9 and Fig 5 also show that when the w/c ratio is reduced, the enhancement in strength 
efficiency decreases significantly. In other words, the effect of CFRP wrapping is more signifi- 
cant for samples with low compressive strength than for those with higher strength. The cause 
of this is that, for lower strength concrete, the concrete core can expand more, and, therefore, 
higher hoop strains can develop in the CFRP, providing greater confinement prior to rupture. 
As a result, it is noted that the efficiency of the strength enhancement increases significantly 
with the increase in the amount of substitution of PET aggregate. 

Overall, the strength of cylinders containing PET aggregate and wrapped with one layer of 
CFRP fabric is significantly enhanced, as shown in Fig 5. This indicates that it is possible to use 
CFRP fabric to enhance and recover the strength lost due to the substitution of PET for normal 
aggregate. For instance, with full CFRP wrapping with a replacement rate of 25%, the strength 
is enhanced (recovered) by 58.9% (89.82%) (for w/c of 0.40), 66.4% (98.26%) (for w/c of 0.45), 
and 87.8% (140.47%) (for w/c of 0.55). Enhancement (recovery) in strength at a replacement 
rate of 50% is 133.2% (50.93%) (for w/c of 0.40), 120% (51%) (for w/c of 0.45), and 190.3% 
(74.27%) (for w/c of 0.55). 


4.3. Stress-strain relationships 


The stress-strain curves of the nine mixes of cylinders are presented in Fig 6, with the axial 
strain values being exposed on the left and the lateral strain values on the right. In general, the 
stress-strain relationships exhibit a linear portion, then as micro-cracking takes place, the 
shape of the curve becomes increasingly non-linear until it reaches the maximum stress. Fig 6 
indicates that increasing the PET aggregate ratio for cylinders confined with CFRP fabrics 
leads to a significantly increased maximum strain. As the substitution ratio increases, there is a 
reduction in the initial slope of the axial stress-strain curve and in the value of stress at which 
the stress-strain curve ceases to be linear. Note that the slope of the non-linear part of the axial 
stress-strain curve is always positive, due to the confining pressure, which increases rapidly 
due to the rapid increase in lateral dilation of the concrete. 

4.3.1. Failure modes. The failure modes for some of the tested cylinders wrapped in 
CFRP are shown in Fig 7. It was observed that at low load intensities (initial load), an intermit- 
tent sound was heard due to microcracking in the concrete matrix. Several sounds were 
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Fig 3. CFRP wrapping process: (a) cleaning; (b) cutting of laminate; (c) mixing epoxy resin; (d) coating cylinders; (e) 
wrapping CFRP laminate; (f) confinement of upper and lower ends; and (g) capping and curing. 


https://doi.org/10.1371/journal.pone.0269664.g003 


detected before the load reached its maximum level, at which such sounds were linked to the 
rupturing of fibers within the CFRP matrix. Finally, the CFRP sheets broke into rings with a 
high-intensity acoustic emission. Overall, all wrapped cylinders failed by the sudden rupture of 
the CFRP jacket close to the mid-height region outside the overlapping zone as the CFRP sheet 
suffered excessive tension in the hoop direction. It was also found that none of the CFRP- 
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Fig 4. (a) plain cylinder; (b) confined cylinder; (c) compression testing with equipment. 


https://doi.org/10.1371/journal.pone.0269664.g004 


wrapped cylinders failed at the lap location, demonstrating reasonable adhesion and efficient 
load transfer between the concrete substrate and the CFRP. Two additional observations were 
made in the case of the CFRP-confined cylinders that contained plastic aggregate, especially at 
a high percentage of PET (50%), compared to their counterparts without PET: (i) the acoustic 
emission is less severe; and (ii) the tearing of the CFRP fabric is also less severe. These observa- 
tions are thought to be due to the existence of plastic particles at the failure starting point, their 
high flexibility and elongated form, and the possibility that the plastic particles withstand a 
portion of the stress and act as a bridge between plastic particles parts. 


5. Evaluation of existing strength models for prediction of f’., 
5.1. Confinement action (a mechanism) of FRP 


The passive confinement mechanism of the FRP shell on a concrete core occurs throughout com- 
pression. This action occurs as a consequence of the concrete core’s hoop expanding under com- 
pression until the FRP ruptures [110-112]. The equivalent hoop strain and stress within the fabric 
increase as the axial stress increases, exerting restricting pressure on the core. In other words, 
under compression, the concrete core tends to expand (dilate) laterally, but the FRP fabric 
opposes this expansion, putting the concrete in a state of triaxial stress, resulting in a substantial 
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Table 9. Details of test specimens. 


Grade /w/c |PETratio% |Specimen symbols |CFRP layers | Compressive strength (MPa) **Max. axial strain (%) | **Max. lateral strain (%) 
90 days | Variation of strength (%) 
M40 / 0.40 0 ROWC40* 0 80.13 = -0.0056 0.0022 
1 86.81 +8.33 -0.011 0.010 
25 R25WC40 0 45.31 - -0.005 0.0067 
1 71.98 +58.86 -0.010 0.0150 
50 R50WC40 0 19.14 = -0.0052 0.0082 
1 40.81 +133.25 -0.014 0.0120 
M30 / 0.45 0 ROWC45 0 66.83 = -0.0053 0.0051 
1 82.10 +22.84 -0.0042 0.0140 
25 R25WC45 0 39.46 - -0.0071 0.0072 
1 65.67 +66.42 -0.017 0.0130 
50 R50WC45 0 15.49 = -0.0038 0.0094 
1 34.09 120.02 -0.0050 0.0110 
M20/ 0.55 0 ROWC55 0 47.73 = -0.0019 0.0018 
1 69.97 +46.61 -0.0040 0.0109 
25 R25WC55 0 35.70 a -0.0060 0.0044 
1 67.04 +87.79 -0.0074 0.0139 
50 R50WC55 0 12.21 - -0.0060 0.0062 
1 35.45 +190.27 -0.01325 0.0132 


* ROWC40: The number following the letter R indicates the percentage of PET substitution; the number following the letters WC indicates the w/c ratio. 
** Some of the results presented in this column do not correspond to the maximum compressive strength because the foil gauges were broken off) before the sample 


reached failure. Therefore, if they do not correspond to the maximum strength, the results represent the maximum value in the plotted curves. 


https://doi.org/10.1371/journal.pone.0269664.t009 


gain in strength and ductility compared to unconfined specimens. Fig 8 shows that the pressure 
from the FRP fabric is mostly even around the outside of the round concrete cross-section. 


5.2. Lateral confinement pressure (f,) 


When a compression member is circumferentially wrapped with FRP composites, the fibers in 
the hoop direction respond against the circumferential concrete dilation. The concrete core is 
under even confinement pressure (expansion) [62, 113]. This affords a hoop confining pres- 
sure (ft) which is directly affected by the CFRP wrapping and the cross-sectional area of the 
compression component. It is possible to compute the force equilibrium and radial displace- 
ment compatibility criteria between the concrete core and the CFRP fabric [82]. When the 
CFRP fabric’s hoop strain exceeds its rupture strain, the specimen fails quickly in a brittle 
manner, achieving the CFRP’s maximum confinement pressure (f, max). Eq (1) could theoreti- 
cally be used to calculate the value of f, max using the average axial strain at failure measured 
from tensile coupons. Also, such a value could be calculated based on the data provided by the 
manufacturer in combination with the average axial strain at failure measured from tensile 
CFRP coupon tests. However, as previously stated, this is likely to overstate ft, max: 


= 2nE iE) tip 


Sumas = — (1) 
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Fig 5. Influence of CFRP wrapping on strength: (a) enhancement; and (b) recovery. 
https://doi.org/10.1371/journal.pone.0269664.g005 
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Fig 6. Stress-strain curves of confined and unconfined specimens with different w/c. 


https://doi.org/10.1371/journal.pone.0269664.g006 
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Fig 7. Failure modes for some typical cylinders. 
https://doi.org/10.1371/journal.pone.0269664.g007 


5.3. Effective lateral confinement pressure (fie) 


The CFRP fabric ruptures in the lateral direction as soon as the ultimate compressive strength 
of concrete samples confined by CFRP wraps is attained. Eq (2) can also be used to compute 
the effective confining pressure (fie) using the recorded average lateral strain of CFRP-confined 
concrete from cylinder testing, as shown in Table 9. In this investigation, the average ultimate 
tensile strain captured at the mid-height of the coupon was 1.4 percent for a single CFRP ply, 
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Fig 8. FRP lateral confining pressure and confining mechanism. 
https://doi.org/10.1371/journal.pone.0269664.g008 


according to Table 7. When compared to the values in Table 9, it is obvious that the CFRP lat- 
eral rupture strain measured on concrete surfaces differs from the equivalent tensile strain 
measurements obtained from coupons. According to Lam and Teng [49], local deformation at 
cracks in the concrete surface, the presence of the overlapping zone, and the FRP composite 
curvature are reasons that explain this discrepancy. 


2NE Enel, 
fe= = frp (2) 


5.4. Strength model 


The use of transverse steel reinforcements, such as spiral or circular ties, increases the strength 
and ductility of concrete. Several models for concrete confinement with FRP have been devel- 
oped since the 1980s. Most of these models were based on the regression of test data and were 
accomplished on plain concrete specimens. Regardless of their classification, most proposed 
active confinement relationships use the confinement model given by [114, 115] based on tests 
of concrete samples confined with hydrostatic pressure. It was stated that the strength of con- 
fined concrete at failure, f <œ could be presented as a linear function of the lateral confining 
pressure, f co as given in Eq (3). In this equation, the strength ratio or confinement effective- 
ness is f’.. / fco» the confinement ratio is fie / fco and k; is a confinement effectiveness 
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coefficient. 


fda (3) 


1+ Ž] 


co 


bad 
cc Sco 


5.5. Evaluation of present strength models in prediction of fcc 


Table 10 evaluates existing strength models to predict the strength of the CFRP wrapped con- 
crete cylinders tested in this work. The precision of 47 proposed models from the literature 
was assessed. For direct comparison, the predictions of all models, including those provided in 
codes and guidelines to predict f «< have been supposed to potentially be adopted to the tested 
cylinders as part of this work. Note that the experimentally-measured strengths f c were 
mostly initiated to differ from those predicted by the previously published models. These dif- 
ferences may be due to the following reasons: (i) Foil gauges at mid-height were used to mea- 
sure strain values under ultimate conditions. (ii) The majority of the models were established 
from experiments on plain samples made of various FRP composites, and (iii) the value of fie 
as labeled in Eq (2) was utilized rather than the f, adopted in Eq (1). The foil gauges de-bonded 
in some cases prior to failure, so these data points aren’t shown. 

Of the models considered in Table 10, the models proposed by [68, 75, 78, 80, 116, 117] 
seem to provide a prediction of f e which is closer to the control CFRP-confined test results 
declared in this paper. The models developed by [67, 74, 110, 118] were found to offer the clos- 
est prediction of f «< for all CFRP-confined cylinders containing PET waste established as part 
of this study. On the other hand, the models by [52, 53] greatly overestimate the compressive 
strength in comparison with the results of the present investigation. 

The results clearly show that confinement effectiveness is reduced with increased uncon- 
fined concrete strength. The confinement effectiveness of CFRP for concrete with a lower 
unwrapped compressive strength exhibits a higher confinement ratio than that for higher 
strength concrete. As the compressive strength increases, the stiffness of concrete also 
increases, resulting in less lateral expansion before fracture of the CFRP wrapping occurs. 
Therefore, the concrete experiences less confining pressure. 

The predicted strengths of the confined concrete (Table 10) are compared to the test out- 
comes, as shown in Fig 9. This figure demonstrates the generally poor correlation of model 
predictions for PET concrete confined with CFRP fabric. 


6. Conclusions 


Concrete containing PET has been used for essentially non-structural purposes where the ele- 
ment can support its weight. To determine whether PET concrete can be used for some struc- 
tural applications, the behavior of concrete containing PET aggregates and confined with 
CFRP fabric was studied in this investigation. The main conclusions arising from this study 
are as follows: 


1. When CFRP-wrapped cylinders failed, the values of hoop strains at failure on the surface 
were often lower than those in flat coupons. 


2. Based on laboratory findings, PET plastic aggregate may be used as a partial substitute for 
sand for structural purposes, with a ratio of up to 50% by volume, combined with CFRP 
confinement. As the substitution rate of PET particles increases, the compressive strength 
decreases. All samples confined with CFRP fabrics for all mixtures showed a significant 


PLOS ONE | https://doi.org/10.1371/journal.pone.0269664 July 13, 2022 17/27 


PLOS ONE Effectiveness of CFRP Strengthening of PET-Concrete 


Table 10. Evaluation of existing strength models to predict f «c, MPa. 


No. Author / Strength model Group 1 Group 2 Group 3 
ROWC40 | R25WC40 | R50WC40 | ROWC45 | R25WC45 | R50WC45 | ROWCS55 | R25WC55 | R50WC55 
fie = 5.32 | fle =7.98 | fie=6.39 | fle =7.45 | fie =6.92 | fie =5.86 | fie=5.81| fie =7.39 | fie = 7.03 
fcc Exp. fcc Exp. fcc Exp. fcc Exp Fe Exp. f cc Exp. f cc Exp. Pe Exp. Ee Exp. 
86.81 71.98 40.81 82.10 65.67 34.09 69.97 67.04 35.45 
fcc Pred. fice Pred. fcc Pred. fcc Pred. fcc Pred. f cc Pred. fcc Pred. f cc Pred. fcc Pred 
(MPa) 
1 Richart et al. (1928) [115] 101.94 78.03 45.34 97.38 67.83 39.52 71.55 65.99 41.04 
7 gt A 
fe=fo 1+ 414] 
2 Newman and Newman (1971) [119] 108.91 83.01 72.13 40.33 76.59 69.79 40.32 
0.86 
f=f, h +3.7(4) | 
3 Fardis and Khalili (1982) [51], GFRP, 101.94 78.03 67.83 39.52 71.55 65.99 41.04 
Adopted from Richart et al. (1928) [115] 
4 Fafitis and Shah (1985) [120] 87.64 57.97 33.50 77.76 51.10 30.17 56.97 45.55 32.39 
fe — a) A 
&=14 (115+2)4 
5 Mander et al. (1988), steel-confined [53] 109.13 65.37 56.89 24.02 64.82 52.75 17.96 
fL=f, [-1.254 + 2.254, /1+ 7.944 — 24] 
6 Saatcioglu and Razvi (1992) [121] 106.96 82.87 72.83 44.56 76.59 70.94 46.02 
f. =f a 6.7” 
7 Eurocode 2 (1992) [122], FRP 103.45 70.92 61.69 32.08 68.22 58.64 31.31 
fi. = fa (1.125 + 2.54) for fi > 0.05f, 
8 Saadatmanesh et al. (1994) [52], CFRP & GFRP 109.13 65.37 56.89 24.02 64.82 52.75 17.96 
Adopted from Mander et al. (1988), steel-confined 
[53] 
9 Cusson and Paultre (1995) [116], steel confined 86.89 54.29 47.59 22.73 54.93 44.22 20.43 
fr = fo + 21e) 
10 Samaan et al. (1998) [118], FRP 99.46 70.98 62.70 36.18 68.29 60.04 35.71 
fe = fo + 6:0)” 
11 Miyauchi et al. (1999) [123], CFRP 95.98 69.10 60.08 32.96 65.05 57.73 33.16 
7 gt SL 
f.=f,[1+2.98(4)] 
12 Saafi et al. (1999) [57], CFRP & GFRP 98.19 68.49 59.58 30.55 65.64 56.62 29.11 
0.84 
f.=f, h +2.2(4) | 
13 Spoelstra and Monti (1999) [58], CFRP & GFRP 77.97 66.11 57.47 31.68 59.51 55.87 30.24 
0.5 
ees Te. 
=f o+] 
14 Toutanji (1999) [59], GFRP & CFRP 108.01 81.55 70.91 39.22 75.62 68.46 38.94 
f 0.85 
T fI R 
f=f, h +3.5(4) | 
15 Xiao and Wu (2000) [60], CFRP 96.14 60.19 52.39 23.82 60.47 48.63 21.07 
0.85 
pef E + (4) | 
16 Lam and Teng (2001) [62], CFRP 90.77 61.27 53.30 27.21 59.35 50.48 26.27 
Ía =E fo + 2h 
17 | Fam & Rizkalla (2001) [124], FRP, (adopted from 101.94 78.03 67.83 39.52 71.55 65.99 41.04 
Richart et al. (1928) [115]) 


(Continued) 
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Table 10. (Continued) 


No. Author / Strength model Group 1 Group 2 Group 3 
ROWC40 | R25WC40 | R50WC40 | ROWC45 | R25WC45 | R50WC45 | ROWCS55 | R25WC55 | R50WC55 
fie = 5.32 | fe=7.98 | fie=6.39 | fle=7.45| fie =6.92 | fie =5.86 | fie =5.81 | fie =7.39 | fie = 7.03 
f cc Exp. fec Exp. fcc Exp. fee Exp fcc Exp. fcc Exp. £ cc Exp. fcc Exp. fec Exp. 
86.81 71.98 40.81 82.10 65.67 34.09 69.97 67.04 35.45 
fa Pred. fcc Pred. f cc Pred. fcc Pred. fcc Pred. fa Pred. fec Pred. f cc Pred. fec Pred 
(MPa) 
18 Fib Bulletin TG (2001) [125], 77.97 66.11 37.01 80.31 57.47 31.68 59.51 55.87 30.24 
(adopted from Spoelstra and Monti (1999) [58]) 
19 Lin and Chen (2001) [61], GFRP & CFRP 90.77 61.27 53.30 27.21 59.35 50.48 26.27 
Se = Seo + Ah 
20 ISIS Canada Guidelines (2001) [126] 93.43 65.26 56.76 30.14 62.26 54.18 29.79 
f=f,[1+2.5(4)] 
21 ACI 440.2R (2002) [127], adapted from Mander 109.13 65.37 56.89 24.02 64.82 52.75 17.96 
et al. (1988) [53] 
22 Ilki et al. (2002) [128], CFRP 99.65 63.08 33.37 83.42 54.87 28.54 60.67 52.16 27.87 
fL=f, [1 4 2.227(4))| 
23 Lam and Teng (2002) [64], GFRP & CFRP 90.77 61.27 53.30 27.21 59.35 50.48 26.27 
Se = feo + Ah 
24 Shehata et al. (2002) [65], CFRP 90.77 61.27 53.30 27.21 59.35 50.48 26.27 
Tes 1 ti 
fe = fol1-+ 2(0)| 
25 Lam and Teng (2003) [110], FRP 97.69 71.65 62.30 34.83 66.91 60.09 35.41 
fee — Sia 
palt3asr 
26 De Lorenzis and Tepfers (2003) [67], FRP, 99.46 70.98 62.70 36.18 68.29 60.04 35.71 
nominated the ultimate strength expressions by 
Samaan et al. (1998) [118], Toutanji (1999) [59], 
and Spoelstra and Monti (1999) [58], 
(‘approximate’ model) 
27 Ilki et al. (2004) [68], CFRP 87.55 58.84 51.19 27.07 56.88 48.65 27.32 
fi Vina \ 
b= 142.4 (toe 
28 CNR-DT 200 (2004) [129] 114.29 82.33 71.61 36.56 78.21 68.18 34.18 
$44 o¢ fe \ 
al 2.6 (fe ) 
29 Bisby et al. (2005) [69], CFRP 93.03 64.66 56.24 29.70 61.82 53.62 29.26 
f= fa |1 + 2.425(4)| 
30 Harajli (2006) [71], CFRP 101.94 78.03 67.83 39.52 71.55 65.99 41.04 
(adopted from Richart et al. (1928) [115]) 
31 Matthys et al. (2006) [73], hybrid FRP, CFRP & 108.01 81.55 70.91 39.22 75.62 68.46 38.94 
GFRP (adopted from Toutanji (1999) [59]) 
32 Berthet, et al. (2006) [74], GFRP, CFRP, 97.03 72.84 63.33 35.71 67.78 61.20 36.46 
Se = fo + kifi 
k, = 3.45 if 20 MPa < f!, < 50 MPa 
k, = 9.5/(f,,)°” if 50 MPa < f!, < 200 MPa 
33 Youssef et al. (2007) [75], GFRP & CFRP 86.21 56.94 49.54 25.83 55.45 46.92 25.99 
1.25 
fl=f, h +2.25(4) | 
34 Fahmy and Wu (2010) [77], f} =f, + kf" 92.22 61.36 56.89 31.01 60.58 53.95 29.84 
k, = 3.75 f, > 40 MPa, k, = 4.5 f!, < 40 MPa 


(Continued) 
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Table 10. (Continued) 


No. Author / Strength model Group 1 Group 2 Group 3 
ROWC40 | R25WC40 | R50WC40 | ROWC45 | R25WC45 | R50WC45 | ROWCS55 | R25WC55 | R50WC55 
fie = 5.32 | fle =7.98 | fie=6.39 | fle =7.45 | fie =6.92 | fie =5.86 | fie=5.81| fie =7.39 | fie = 7.03 
fz Exp. fec Exp. fcc Exp. fee Exp fcc Exp. fcc Exp. £ cc Exp. fcc Exp. fcc Exp. 
86.81 71.98 40.81 82.10 65.67 34.09 69.97 67.04 35.45 
fee Pred. fee Pred. fec Pred. fe Pred. fe Pred. fcc Pred. fe Pred. fec Pred. fcc Pred 
(MPa) 
35 Benzaid et al. (2010) [78] 88.64 58.08 29.36 78.75 50.53 24.87 57.03 47.53 23.46 
Toft AL 
f= f,[1+1.64] 
36 Lee et al. (2010) [79] 90.77 61.27 53.30 27,21 59.35 50.48 26.27 
f.=f(1 +24) 
37 Mohamed and Masmoudi (2010) [117], FRP 88.49 67.99 59.12 32.03 62.92 56.99 30.95 
0.7 
fi=f, for 2.7(4) l 
38 Xiao et al. (2010) [130], FRP 109.78 81.91 71.22 38.55 76.42 68.51 37.65 
0.8 
fe — A 
£=1+43.24(4) 
39 Ghernouti and Rabehi (2011) [80] 85.88 53.93 46.94 21.82 54.01 43.68 19.80 
fey 4 L 
P 
40 Ozbakkaloglu and Lim, (2013) [82], CFRP 99.49 74.36 64.65 36.82 68.88 62.60 37.80 
fee 4 fia 
| Ae Aaa 
41 Afifi et al. (2015) [131], CFRP 106.12 66.81 58.16 25.39 67.34 53.74 21.41 
0.39 
fic — A 
f= 1+.0.934(4) 
42 | Kwan etal. (2015) [132], FRP (adopted from Xiao 109.78 81.91 71.22 38.55 76.42 68.51 37.65 
et al. (2010) [130]) 
43 Huang, et al. (2016), GFRP 104.66 70.95 61.73 29.68 69.14 58.01 26.78 
0.63 
fc — i 
£=14+1.69(4) 
44 Touhari and Mitiche-Kettab (2016) [93], CFRP 95.03 67.65 58.84 31.89 64.00 56.39 31.89 
fic — A 
Porras 
45 Ahmed (2018) [133], FRP 89.44 59.28 51.57 2547 57.89 48.63 24.52 
fe — AL 
ee 1+ L755 
46 Raza et al. (2020) [134], FRP 111.57 82.26 71.54 37.06 77.24 68.57 36.42 
1 Iff 3/4 
fe = fo + 3f(f) 
47 Hussain et al. (2020) [135], FRRP 94.49 66.86 36.39 86.95 58.15 31.31 63.42 55.65 31,19 
fe — AL 
c= 1+ 2.70 Fr 


https://doi.org/10.1371/journal.pone.0269664.t010 


enhancement in strength compared to non-confined samples for the same proportions of 


substitution. The enhancement ratio ranged from 8% to 190%. 


For cylinders confined with CFRP, as the replacement ratio increases, there is a decrease in 
the initial slope of the axial -strain curve and-strain curve and the value of stress at which 
the stress-strain curve ceases to be linear. Note that the slope of the non-linear part of the 
axial stress-strain curve is always positive due to the confining pressure, which increases 
rapidly due to the rapid increase in lateral dilation of the concrete. 
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Fig 9. Experimental results vs. predicted values for maximum stress in confined concrete. 
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4. The addition of a single layer of CFRP fabric wrap increased the ultimate load of samples to 
a level not less than that of unconfined samples without PET plastic waste. The recovery 


ratio ranged from 51% to 140%. 


5. All of the samples that were confined failed because of the tensile failure of the CFRP fabric. 
The failure happened near the mid-height area outside of the overlapped area. 


6. A comparison of the ultimate strength f < predicted by the range of confined concrete mod- 
els found in the literature and test strengths was undertaken. It was noticed that these mod- 
els do not offer a satisfactory prediction of the ultimate strength of PET concrete confined 
by CFRP fabric. However, the models confirmed that both confinement effectiveness (f’.. / 
f’.,) and confinement ratio (fie / f’ co) increase with increasing PET substitution. 
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